Abstract. the treatment of disseminated prostate cancer remains a great challenge in current oncology practice. the proliferation of prostate cancer cells is testosterone-driven, but clonal selection during androgen deprivation therapy promotes the development of androgen-independent (hormonerefractory) cells, which become phenotypically dominant. human epidermal growth factor receptor type 2 (hEr2) is capable of activating the androgen receptor pathway, even in the absence of the ligand. the detection of phenotypic changes associated with the development of androgen independence may influence patient management, suggesting the initiation of a second-line therapy. this study aimed to establish the level of hEr2 expression in a number of prostate cancer cell lines (lncap, pc3 and du145) in order that they be used as models in further studies, and to evaluate the binding and cellular processing of [ 111 in]-labeled trastuzumab and the anti-HER2 synthetic Affibody molecule ABY-025 in these cell lines. the expression of hEr2 was demonstrated and quantified in all three tested prostate cancer cell-lines. Studies on cellular processing demonstrated that internalization of both conjugates increased continuously during the whole incubation. the internalization rate was approximately equal for both monoclonal antibodies and Affibody molecules. In both cases, internalization was moderately rapid. Such features would definitely favor the use of radiometal labels for trastuzumab and, most likely, for affibody molecules. The level of HER2 expression in these cell lines is sufficient for in vivo molecular imaging.
Introduction
the treatment of disseminated prostate cancer remains a great challenge in current oncology practice (1) . the proliferation of prostate cancer is testosterone-driven, and androgen deprivation by surgical or chemical castration causes a remission lasting 1.5-3 years (2) . however, a clonal selection during androgen deprivation therapy promotes the development of androgen-independent (hormone-refractory) cells, which become phenotypically dominant. the median survival of patients with androgen-independent prostate cancer is 12-24 months, depending on the treatment (3, 4) . possible molecular pathways of androgen independence include a hypersensitive pathway, when more androgen receptors are produced to compensate for the low level of androgens, a promiscuous pathway, when androgen receptors are activated by non-androgenic steroids, and an outlaw pathway, when the androgen receptors are phosphorylated by either the mitogen-activated receptor tyrosine kinases (rtKs) or their downstream signaling kinases (5) .
the detection of phenotypic changes associated with the development of androgen independence may influence patient management, suggesting the initiation of a second-line therapy. moreover, accurate molecular phenotyping may suggest the most suitable molecular targets for a second-line therapy, making androgen-independent prostate cancer treatment more personalized. One challenge includes the heterogeneity of gene expression in metastases. in principle, biopsy-based methods enable the detection of a multitude of genes simultaneously. however, repeated sampling of several metastases is more than questionable in the clinical setting. the use of radionuclide molecular imaging would enable repeated imaging of the aberrant expression of different gene products in all metastases simultaneously. moreover, the use of contemporary combined imaging devices (PET/CT or SPECT/CT) would provide anatomical landmarks for biochemical changes.
One candidate for imaging in disseminated prostate cancer is human epidermal growth factor receptor type 2 (hEr2), a receptor tyrosine kinase that is involved in the outlaw pathway. hEr2 is one of four members of the human epidermal growth factor receptor (EGFr or hEr) family, which also includes EgFR (ErbB1), HER3 (ErbB3) and HER4 (ErbB4). While HER2 is weakly expressed in normal adult tissue, several types of cancer overexpress hEr2 in both primary tumors and their metastases. in prostate cancer, the progression towards androgen independence is characterized by a gradual increase in hEr2 expression by tumor cells. the initial function of hEr2 may be to permit prostate cancer cell survival in an androgen-depleted environment (6) . changes in the hormonal environment precipitate a cascade of events in gene expression and in the signaling network of the cell. this in turn provides a selective survival and growth advantage for hEr-2-expressing subpopulations of cells, and accelerates the progression of the tumor towards androgen independence. this process also renders the cells more resistant to therapy (7, 8) . In the absence of androgen, the overexpression of hEr2 activates the transcription of PSA. Unlike other kinases, HER2 is capable of activating the androgen receptor (ar) pathway, even in the absence of its ligand (9) (10) (11) . this suggests that increased expression of HER2 may be a prostate-specific, rather than tumor-specific, mechanism of survival in an androgen-depleted environment (12) .
hEr2 is a molecular target for several anti-cancer drugs. Extensive studies have been dedicated to the development of radiolabeled imaging probes for the visualization of hEr2, with the aim of identifying patients who may benefit from HER2-targeting therapy (13). One obvious potential targeting probe for the imaging of hEr2-overexpression is trastuzumab, a humanized anti-hEr2 monoclonal antibody. trastuzumab is currently approved for the treatment of hEr2-expressing breast cancer. the antibody is commercially available and clinical trials have demonstrated its safety.
111
in-dtpa-trastuzumab has been used to identify breast cancer patients responding to trastuzumab treatment (alone or in combination with chemotherapy) (14) . a promising alternative to radiolabeled anti-hEr2 monoclonal antibodies may be Affibody molecules (15) . Affibody molecules are proteins composed of a three-helix bundle based on the scaffold of one of the igG-binding domains of Protein A. By randomizing thirteen of the amino acid residues in the helices 1 and 2, combinatorial Affibody libraries have been created for the selection of binders for a multitude of proteins (16) . in contrast to the 150 kda weight of an antibody, the molecular weight of Affibody scaffold is only 7 kDa, which provides rapid extravasation and penetration in the extracellular space of tumors. An Affibody molecule, Z hEr2:342, with an affinity (dissociation constant, KD) to HER2 of 22 pM, has been developed (17) . Several radiolabeled derivatives of Z hEr2:342 have demonstrated excellent targeting of hEr2-expressing xenografts in murine models (15 (18) . Recently, the Affibody scaffold was re-engineered in order to improve its properties and to provide a surface distinctly different from that of the bacterial parental scaffold (19) . A DOTA-conjugated anti-HER2 Affibody molecule, ABY-025, which is based on a new scaffold, has demonstrated highly specific targeting of HER2-expressing ovarian carcinoma xenografts in mice (20) . This makes ABY-025 a promising candidate for the imaging of hEr2 expression in prostate cancer metastases.
this study aimed to establish the level of hEr2 expression in a number of prostate cancer cell lines in order that they be used as models in further studies, and to evaluate the binding and cellular possessing of [ 111 in]-labeled trastuzumab and ABY-025 in these cell lines.
Materials and methods
Materials. Affibody molecule ABY-025 was provided by Affibody AB (Stockholm, Sweden) in a freeze-dried form. the monoclonal antibody trastuzumab (herceptin ® ) was from Roche Pharma Ag (germany). Before use, trastuzumab was purified using the nAP-5 size exclusion column (Amersham Biosciences, Uppsala, Sweden), pre-equilibrated and eluted with milliQ-water and freeze dried. isothiocyanate-chx-a''dtpa was purchased from Macrocyclics (Dallas, Tx, USA).
Buffers including 0.1 M phosphate-buffered saline (PBS), pH 7.5, 0.07 M sodium borate, pH 9.3, and 0.2 M ammonium acetate, ph 5.5, were prepared using common methods from chemicals supplied by merck (darmstadt, Germany). high-quality milli-Q © water (resistance >18 MΩ cm) was used to prepare the solutions. nap-5 size-exclusion columns were from gE Healthcare (Uppsala, Sweden). Buffers used for conjugation and labeling were purified from metal contamination using Chelex 100 resin (Bio-Rad laboratories, Richmond, CA, USA). Cell lines. three different prostate cancer cell lines were evaluated for hEr2 expression, and their hEr2-receptor levels were quantified. The cell lines, all originating from prostate cancer metastases, were du-145 (brain metastasis), pc3 (bone metastasis) and lncap (lymph node metastasis). all cell lines were purchased from the american type culture collection (atcc).
the cells were cultivated in complete rpmi-medium supplemented with 10% fetal bovine serum (FBS), 2 mM l-glutamate, 100 iu/ml penicillin and 100 µg/ml streptomycin. For the lncap cells, the medium was supplemented with na-pyruvate and HEPES. All reagents, including the medium and trypsine-EDTA, were from Biochrom Kg (Berlin, germany). Bottles and Petri dishes for cell cultivation were from nunclon Surface (Roskilde, Denmark). The cells were incubated in a humidified incubator with 5% CO 2 at 37˚C, unless stated otherwise.
Instrumentation. radioactivity was measured using an automated γ-counter with a 3-inch nai(tl) detector (1480 WIZARD; Wallac Oy, Turku, Finland). Indium-111 was measured using both photo peaks and the summation peak (energy setting from 140 to 507 keV). The distribution of radioactivity along the itlc strips was measured on a Cyclone™ Storage Phosphor system (further referred to as phosphorimager) and analyzed using OptiQuant™ image analysis software. cells were counted using an electronic cell counter (Beckman Coulter). in]-indium chloride using the chx-a''dtpa chelator. coupling (~4 chelators per antibody) was performed similarly to a previously described method (21) . In brief, 1.4 mg purified antibody was reconstituted in 200 µl 0.07 M sodium borate buffer, pH 9.3, and a freshly prepared solution of isothiocyanate-chx-a''dtpa (27 µl, 1 mg/ml in 0.07 M sodium borate, pH 9.3) was added. The mixture was incubated at 37˚C for 4 h, and then CHx-A''DTPA-trastuzumab was purified from unreacted chelator using the nap-5 column, equilibrated and eluted with 0.2 m ammonium acetate, ph 5.5. the chx-a''dtpatrastuzumab was divided in aliquots of 100 µg in 64 µl 0.2 m ammonium acetate, pH 5.5, each, and stored frozen at -20˚C.
For typical labeling, an aliquot of chx-a''dtpatrastuzumab was mixed with 10 MBq [ Subsequently, the incubation media were collected and the cell cultures were trypsinized with 0.5 ml trypsin-Edta for 10 min at 37˚C. To each dish, 0.5 ml of medium was added, and the cells were resuspended. the cell suspension was also collected. medium and cell samples were measured for radioactivity content, and cell-associated radioactivity was calculated as follows: (cell-associated radioactivity, cpm) x 100%/[(cellassociated radioactivity, cpm) + (radioactivity in media, cpm)]. The significance of the blocking was analyzed by the t-test.
Quantification of HER2 receptor expression in prostate cancer cell lines. du-145, pc3 or lncap cells were incubated for 4 h at 4˚C with [ 111 in]chx-a''dtpa-trastuzumab at concentrations of 0.2-33 nm in complete medium. For each data point, four dishes were used, including one pre-saturated with unlabeled trastuzumab at a 3-µm concentration. For each data point, a sample of the added solution was obtained for concentration calculations. after incubation, the medium was aspirated and the cells were washed once with cold serum-free medium. the cells were treated with trypsin for 10-15 min, and the cells in each dish were resuspended after the addition of 1 ml medium. the cell suspension (0.5 ml) was used for cell counting and for radioactivity measurements (1 ml).
Samples were measured for radioactivity content in an automated γ-counter, and data were analyzed using Graphpad Prism version 4.0 for Windows (graphPad Software, San Diego, CA, USA). ), one group of 3 dishes was analyzed for cell-associated radioactivity. the incubation medium was collected. membrane-bound radioactivity was determined by acid wash. cells were treated with 0.5 ml 4 m urea solution in a 0.1 m glycine buffer, ph 2.5, for 5 min on ice. the acid fraction was collected, and the cells were washed with an additional 0.5 ml acid solution, which was added to the acid fraction. Subsequently, the cells were lysed and collected for the measurement of internalized radioactivity. For lysis, 0.5 ml of 1 m sodium hydroxide solution was added, and the cells were incubated at 37˚C for at least 0.5 h. the basic solution was collected. dishes were washed with an additional 0.5 ml basic solution, and the basic fractions were pooled.
the radioactivity content of the samples was measured using an automated γ-counter, and data were normalized to the maximum uptake.
Results

Conjugation and labeling chemistry. in agreement with previous results, [ 111
In]-labeling of ABY-025 provided a yield exceeding 95% with specific activities up to 7 gBq/µmol. labeling of CHx-A''DTPA-trastuzumab was as efficient; all yields were >98%, and the maximum specific radioactivity of 26.6 gBq/µmol was obtained. Since the labeling yield was consistently >95%, no further purification was required. The labeled proteins were diluted with PBS for further experiments.
In vitro binding specificity. the results of the in vitro specificity tests for [ the internalization of both conjugates demonstrated continued growth during the entire incubation period. the internalization rate was approximately equal for both the monoclonal antibody and the Affibody molecule. In both cases, internalization was moderately rapid. in the case of [ 
Discussion
involvement of hEr2 in the transition to androgen independence renders it a possible target for the therapy of disseminated prostate cancer. a common choice of therapy for breast cancer with documented overexpression of hEr2 is the use of trastuzumab (herceptin), a humanized monoclonal antibody that binds specifically to the HER2 receptor. Since a well-established drug is already in use and has been proven effective for hEr2-overexpressing breast cancer tumors, the investigation of the possible use of this drug in other hEr2-overexpressing tumors is warranted.
agus et al demonstrated that trastuzumab is effective in androgen-independent tumor xenografts when used in combination with paclitaxel (23) . the EGFr/hEr2 tyrosine kinase inhibitor lapatinib has also demonstrated a promising effect in a pre-clinical in vitro model (24) . nevertheless, clinical trials concerning the treatment of prostate cancer with trastuzumab or lapatinib have failed to demonstrate their efficacy (25) (26) (27) . it must be emphasized that unselected patients were enrolled in these trials and, at best, only biopsies from primary tumors were analyzed. An absence of patient stratification according to hEr2 expression level was suggested as one possible reason for failure (25) . however, the detection of hEr2 expression in prostate cancer metastases remains a challenge. there have been numerous attempts to establish hEr2 expression levels in prostate cancer using immunohistochemistry (ihc). the results have varied from no (28) to detectable (29) overexpression in all tested samples. ihc has the downside of being a technique that requires high sample quality, well-established procedures and experienced staff to produce trustworthy data. It is difficult to compare data obtained from different studies, as some studies employ the antibody of the established hercepttest kit (dako inc.), but use their own protocols, while others use the hercepttest kit, even though the test is known to perform with less reliability in prostate tissue. moreover, IHC requires that a biopsy be performed, and it is difficult to obtain a biopsy from bone metastases, which are the most common form in disseminated prostate cancer. Obtaining biopsies only from amenable sites is associated with the risk of false negative or positive findings, since information concerning all metastases is required for the determination of personalized treatment. the use of radionuclide molecular imaging may be a solution in this case. the present study is an initial step in the characterization of the potential imaging probes [ (table i) . as these cell lines have different degrees of androgen dependence, together they constitute a panel that can be used for the measurement of changes in hEr2 expression in response to different treatments. although the expression is moderate (20,000-50,000 receptors per cell), our previous experience with lS174T cells having similar expression level shows that such xenografts can be clearly visualized in vivo (30, 31) .
Another significant factor involved in tracer development is the internalization rate. internalization is followed by transfer to the lysosomal compartment, where targeting proteins undergo proteolytic degradation. charged radiocatabolites of radiometal labels remain trapped intracellularly, while lipophilic catabolites of radiohalogen labels leak from cells, decreasing tumor-associated radioactivity. previous studies using breast and ovarian carcinoma cell lines suggested relatively slow internalization of Affibody molecules (20, 22, 30) , but could not exclude a priori that internalization of Affibody molecules proceeds at a different rate in prostate cancer cells.
previously reported data concerning the internalization of radiolabeled trastuzumab are conflicting. Certain authors have claimed that internalization is low (32) , while others have suggested a much higher internalization rate (33). Our previous data on the cellular processing of radioiodinated tracers by the gastric adenocarcinoma nCI-n87 cell line suggested a somewhat more rapid internalization of trastuzumab in comparison to Affibody molecules (34) . This study demonstrated that the internalization of Affibody molecules by a prostate cancer cell line was somewhat more rapid than that of ovarian and breast cancer cell lines (22) . The internalization rates of Affibody molecules and trastuzumab were rather similar, with a small variation between cell lines. Such features would definitely favor the use of radiometal labels for trastuzumab and, most likely, for Affibody molecules.
